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Solid state phase transitions and molecular reorientation in
ortho- and para-carborane: An isomer effect
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The proton nuclear spin-lattice relaxation times at 30 MHz have been measured for ortho- and paracarborane between 170 and 310 K and between 210 and 320 K, respectively. Para-carborane undergoes
solid-solid transitions at about 300 and 238 K while the ortho isomer shows only one transition at
about 265 K. The details of the phase transitions are discussed and molecular reorientation in the
isomers is compared.

I. INTRODUCTION

II. RELAXATION THEORY

Nuclear spin relaxation is a very useful technique for
the study of mOlecular reorientation and solid-solid
phase transitions in molecular solids. Nuclear spin relaxation rates depend on the strengths of spin-lattice
interactions and on the modulations of these interactions
by the various molecular motions. An analysis of the
motions furnishes information concerning molecular potentials. If a phase change occurs, the intermolecular
interactions also change, caUSing spin-lattice relaxation
rates to change at the same time. The molecules of
interest in the present work are the ortho and para isomers of carborane, BlOC2Hl2, which is a nearly regular
icosahedron. The three isomers shown in Fig. 1 are
the ortho isomer with carbons adjacent, the meta isomer with a boron atom between the two carbons, and
the para isomer in which the carbons are at opposite
sides of the icosahedron. 1 In the present study, proton
spin-lattice relaxation times, T l , have been measured
in ortho-carborane between 170 and 310 K and in paracarborane between 210 and 320 K. One phase transition has been observed in the ortho isomer and two
phase transitions have been observed in the para isomer
This work is a continuation of an earlier study2 in which
the ortho isomer was investigated.

A. General review

Nuclear spin relaxation rates are rarely, by themselves, sufficient to determine the details of molecular
structure and must be supplemented by structural methods such as x-ray diffraction. A primary deficiency of
relaxation measurements is that if the motions are complex they give only average or "effective" potentials and
motion parameters. Often, neutron scattering experiments3-7 complement the nuclear spin relaxation studies
but in the present case, the large capture cross section
of lOB renders such experiments impossible.
In Sec. II we briefly review the relevant spin-lattice
relaxation theory and in Sec. III the proton spin-lattice
relaxation experiments are discussed. An analysis of
the data is presented in Sec. IV and the possible interpretations are discussed in Sec. V. The paper is summarized in Sec. VI.
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The general theory of nuclear spin relaxation that
results from the modulation of the nuclear dipole-dipole interaction can be found in standard references. 8- 10
This general theory has been applied to ortho-carborane. 2 The protons interact with protons and llB and
1Ds isotopes and both intra- and intermolecular interactions must be taken into account. The result, based on
certain approximations discussed previously, 2 is that
the relaxation rate, Til, takes on the form of weighted
sums of Lorentzians, i. e. , sums of terms of the form
AT/(l + w2 r2). The angular frequencies involve the proton Larmor frequency and sums and differences of the
proton and boron Larmor frequencies. The weights, A,
involve nuclear dipole-dipole matrix elements or,
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FIG. 1. The three isomers of carborane BtOC2H12; ortlto,
meta, and para. The ten borons and the two carbons from an
icosahedron.
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equivalently, the appropriate second moments which
can be calculated from known structures or reasonable
approximations. The detailed formula for the intramolecular contribution to Til is 2
(Tl~tra)"1 = (2!{/3)(AM~~ra)

1
x [ 1'(1 + ~ r r + 41'(1 + 4wi

rt 1
1

+ (yV2)(AM~n~ra{ 1'[ 1 + (w H - WB)2 rZ]-1
+3T[1+w~rr1+67{1+(WH+WB)2Tr1},

(1)

where WH/21T is the proton Larmor frequency, wB /27T is
the boron Larmor frequency, and YH is the proton gyromagnetic ratio. AM~n~ra is the change in the proton
second moment caused by the molecular reorientation
modulating the proton-proton dipolar interactions, and
AM~n~ra is the change in the proton second moment
caused by modulation of the proton-boron dipolar interactions. Since Eq. (1) deals with intramolecular contributions to T IH , both second moment terms involve
dipolar interactions within a single molecule. The
AM~~ra must be understood to include properly weighted
separate terms for the two boron isotopes. The intermolecular contributions to T 1 have the same form as
Eq. (1) except that the second moments are those for
dipolar interactions on different molecules.
The reorientation frequency, 1'-1, is usually assumed
to have a Simple Arrhenius dependence on temperature,
i. e.,
(2)

where R is the gas constant, 1';.1 is a temperature independent frequency, and E~ is an activation energy. Molecular reorientation is further discussed in Part B of
this section.
At high temperatures 1'« w- 1 while at low temperatures
-r»w'l • Under these conditions Eq. (1) predicts that
InT 1 vs r-l is linear with slopes of + E /R and - E/R,
respectively, and intercepts which involve 1' .. and the
weights A. A phase tranSition is characterized by a
discontinuous change in E«, 1'., or both. This in turn
manifests itseU in discontinuous changes in Th the slope
of InT 1 vs r - l or both.

B. Molecular reorientation
In general, Eq. (2) is valid for the case when the coupling between the molecule and the lattice is strong. In
this case, molecular reorientation takes place each
time the molecule has sufficient thermal energy to overcome the potential barrier. In general, systems which
have many reorientation axes will not have a single activation energy. An icosahedron has six C 5 axes, ten C 3
axes, and fifteen Cz axes. The barrier for reorientation
about anyone axis may involve a potential which, when
plotted as a function of angle, exhibits minima of different heights. The theoretical groundwork for this
situation has been developedll • 12 and has been shown to
apply to trans, trans-muconodintrile which has only a
s~ngle reorientation axis with different well depths. 13
A similar approach may be useful for the carborane
system since the localized atomic charges may interact
differently with neighboring molecules.
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An alternative possibility is one in which there is a
single activation energy for each reorientation axis but
different barriers are associated with different axes.
The approach in this case is to treat the problem in
terms of reorientations superimposed on reorientations.
The theoretical groundwork for this situation has been
developed for the case of tertiary butyl groups14 and has
been used to interpret relaxation measurements in 4methyl-2, 6-ditertiary butyl phenol. 15
These models, discussed further in Sec. IV, aU predict that more than one value of l' will appear in the relaxation equations.
Ill. THE PROTON SPIN-LATTICE RELAXATION
EXPERIMENTS

Proton spin-lattice relaxation times were measured
with the standard 180-t-90 pulse sequence using a homemade 30 MHz pulsed spectrometer. Temperature waS
regulated by varying the flow of cold nitrogen gas and
measured with a thermocouple. The sample, contained
in a glass tube, filled the coil volume of approximately
1 cm3 and extended about 0.3 cm outside of the top of the
coil. The thermocouple was positioned inside of the
sample chamber and was embedded in the portion of the
sample outside of the coil.
The ortho-carborane was obtained from the Ventron
Corporation while the para-carborane was furnished by
Professor M. F. Hawthorne of the University of California at Los Angeles. Both were used without further
purification.
Spin-lattice relaxation time measurements were
made only after the temperature of the sample remained
constant for 10 min. The temperature difference between successive measurements was never more than
3 K. All three phase transitions were traversed slowly
at least twice in each direction. The resolution of the
thermocouple was ± O. 1 K and the uncertainty associated
with the calibration was :i: O. 5 K. Over the temperature
range of each transition the calibration uncertainty will
be in the same direction and therefore will not affect
the uncertainty of small differences in temperature.
The quoted errors for small temperature differences
have their origin (a) in the ± O. 1 K resolution uncertainty
and, (b) in the measured temperature difference between
the appropriate adjacent data points. The quoted errors
for absolute temperatures have, in addition, (c) the
± O. 5 K calibration uncertainty.
The sample of ortho-carborane used in the present
work was the same as that used in the previous study. 2
IV. DATA ANALYSIS

A. Phase transitions
The temperature dependence of T 1 for both isomers
is shown in Fig. 2. The ortho isomer exhibits a phase
transition at about 265 K. PreviOUS calorimetric 18 and
proton spin relaxation studiesZ of the ortho isomer report transition temperatures of 277 ± 3 and 274 ± 2 K,
respectively. The para isomer shows two phase transitions, one in the viCinity of 300 K and the other in the
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FIG. 2. Spin-lattice relaxation time Tl vs temperature
T . The experimental data is
indicated by open circles for
para-carborane and by closed
circles for ortho-carborane.
The solid lines are discussed
in the text. The details in the
regions of the three phase transitions are shown in Figs. 3, 4,
and 5.
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vicinity of 238 K. The two transitions have been confirmed by differential scanning calorimetry measurements kindly done by Dr. D. W. Breakey of the PerkinElmer Corporation.
Careful measurements of the spin-lattice relaxation
times were made in the vicinity of each of the transi-

tions. These are shown in Figs. 3-5. The high temperature phases have been designated I, the low temperature ortho phase and the medium temperature para
phase are called II, and the low temperature para phase
is called III. The relaxation curves were observed to
be non exponential in the vicinity of the I-II transition
in the ortho isomer and in the vicinity of the II-III
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FIG. 3. Tl VB T in the vicinity
of the I-IT phase transition in .
ortho-carborane. Note that
one decade is omitted on the
abscissa between the T 1 values
in the two phases. The circles and triangles denote decreasing and increasing temperature, respectively. The
vertical dashed lines indicate
nonexponential relaxation indicative of both phases being
present. The lengths of the
dashed lines have no significance.
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FIG. 4. Tl vs T in the
vicinity of the I-ll phase
transition in para-carborane.
Note that one decade is
omitted in the abscissa between the T 1 values in the two
phases. The circles and triangles denote decreasing and
increasing temperature, respectively. The relaxation
was always exponential to within the accuracy of the experiment.
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transition in the para isomer indicating that both phases
are present. 17.IS Further, the physical size of a region
of a given phase must be large enough that the protons
in one region do not interact with the protons in another
region, in which case spin diffusion would give rise to a
single T 1" Although these nonexponential relaxation
curves could be fitted by the sum of two exponentials,
the method of measurement permitted an accurate determination of either the long or short components of T I
due to the large differences in value. For the II-Ill
transition in the para isomer, TI changes by a factor of
about 5 while in the I-II transition of the ortho isomer
Tl changes by a factor of about 30. Nonexponential relaxation is indicated by dashed vertical lines in Figs. 3
and 5. The lengths of these lines have no significance.
We are not able to say whether the coexistence of the
two phases is an equilibrium situation or whether the
transitions, once started at a given temperature, proceed very slowly. (However, see below for further
comment.) The spin-lattice relaxation in the vicinity
of the I-II transition of the para isomer shown in Fig. 4
was always exponential within experimental error.
On the basis of the temperature difference between
successive measurements, the calibration uncertainty
of the thermocouple, and the temperature resolution of
the thermocouple, values for the transition temperatures
and the coexistence ranges are shown in Table I. In
each case the listed transition temperature was taken as
the midpoint of the coexistence range.
Although the previous Tl measurements 2 in the ortho
isomer were less precise than those reported here, the
temperature was varied more slowly and no clear evidence of nonexponential relaxation was observed in the
vicinity of the I-II transition. As stated previously, Tl
above and below the transition changes by a factor of
about 30. In the pulsed NMR experiments, if one

chooses a repetition period which is long compared with
the short T 1 (phase II) but short compared with the long
Tl (phase I), then the "equilibrium" signal will be that
due to the protons in phase II molecules and the protons
in phase I molecules will remain saturated. In this
case, the relaxation will be exponential with a Tl in-
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FIG. 5. Tl vs T in the vicinity of the ll-m phase transition in
para-carborane. The circles and triangles denote decreasing
and increasing temperature, respectively. The vertical dashed
lines indicate nonexponential relaxation indicative of both phases
being present. The lengths of the dashed lines have no significance.
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Characteristic temperatures and temperature ranges for the solid-solid phase transitions in

ortho- and para-carborane. All temperatures are in K.
Temperature increasing
Transition
temperature

Transition

Temperature decreasing

Coexistance
range

Transition
temperature

Coexistance
range

Hysteresis

I-IT (ortho-carborane)

267.3 ±2. 5

5.9±2.1

262.4 ±2. 5

I-IT (para-carborane)

303.3±1.6

none

297. O± 0.9

none

6.3±1.5

IT-ill (para-carborane)

241. 0 ±3. 6

2. 9±3. 2

235.4±6.2

11.7±5.B

5.6±B.B

dicative of phase II. If this were the case, the transition would appear to be at a higher temperature than observed in this study which may explain the higher reported temperature in Ref. 2. It should be pOinted out
that the linewidth change and the break in the T 1 plot as
a function of temperature for llB as reported in Ref. 2
were very close to the proton T 1 discontinuity reported
there. From the relatively long coexistence temperature range in the II-III phase transition of the para isomer in the decreasing direction compared to the increasing direction, it is concluded that kinetics plays
an important role.

B. Activation energies
Realistic expressions for T 1 as a function of temperature which follow from the various models discussed in
Sec. II would require structural information and potential calculations as input. However, meaningful qualitative conclusions can be drawn from Simple fits to the
data if it is consistent with the assumption of a single
correlation time, T. Fits of the data with this assumption are shown in Fig. 2 and the resulting activation
energies are given in Table II.
In ortho-carborane in phase I (w T<<.l) InT1 is proportional to r1 and a linear least squares fit gives
E« = 12 kJ/mol. Using Eq. (1) with intermolecular second moment values gives the further information T ..
= 2. 8 X 10-13 s. All that can be stated about phase I of
para-carborane is that it is consistent with this value
of E« but with a very large uncertainty. In phase III of
para-carborane (wT»l) InT 1 is also proportional to rl
and a linear least squares fit gives Ea =40 kJ /mol.
Similarly, for the ortho isomer between 185 and 225 K,
an E« value of 27 kJ/mol was found. The anomaly below
185 Kin ortho-carborane is discussed later. A least
squares fit for the para isomer in phase II is not possible because the I-II and II-III transitions occur before
the short and long correlation time limits are reached.
We show a fit with an Ea of 40 kJ/mol only to indicate
that the data for para-carborane is consistent with the
same activation energy in phases II and III. If this value of Ea in phase II in para-carborane was changed by
10%, a visually equally successful fit can be found but
the fit is visually poorer if E. is changed by 15% from
40 kJ/mol. Data points within the transition hysteresis
regions (like the four highest temperature data pOints
in phase II of para-carborane) were not used in any of
the fits. In the vicinity of the T1 minimum in phase IT
of ortho-carborane, different values of Ea for the high

5.7±2.1

4.9±4.0

and low temperature sides were found in agreement
with earlier work. 2 In the temperature region just below the T 1 minimum, Ea is consistent with the low
temperature value of 27 kJ/mol and in the temperature
region between the I-IT phase transition and the Tl
minimum, E. is consistent with the phase II and III values of 40 kJ/mol for para-carborane.
V. DISCUSSION

A. Intermolecular interactions
The most unexpected result of this work is the difference in the behavior of the two isomers in the low
temperature phases, especially the existence of a second phase transition in the para isomer. We are interested in those aspects of the intermolecular interactions
that will be different for the two isomers or, equivalently, those which depend on the relative positions of
the carbon atoms. Ortho-carborane has a molecular
electric dipole moment of 4.4 D. 19 •2o Whereas the
more symmetric para-carborane has no dipole moment19
it will have a molecular electric quadrupole moment.
Kitaigorodsky21 has analyzed the relative contributions
to intermolecular potentials from dipole and quadrupole
moments and has shown, in general, that the latter
makes a very much smaller contribution than the former. However, the quadrupolar interaction in the para
isomer must be considered, at least at lower temperatures, in light of there being no dipole moment.
Another possible difference between the two isomers
may involve the differences in the pairwise sums of
electrostatic interactions. Recent analyses of intermolecular interactions~1-25 have been based on the
atom-atom approach in which the van der Waals interactions between all atoms in each of two molecules are

TABLE IT. Activation energies of ortho- and para-carborane
(in kJ/mol)a in the different phases.
Phase

para-carborane

ortho-carborane

-12

12

IT (temperatures
above T1 minimum)

40

-40

IT (temperatures
below T1 minimum)

40

27

ill

40

I

al kJ/mol '" 0.24 kcal/mol= 10. 4 meV/molecule.
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summed up. Monte Carlo type computer programs
have been devised to allow computation of the most
stable arrangements between molecules in arrays by
altering the orientation of neighboring molecules relative to one central molecule. Unfortunately there are
presently no available interaction parameters between
boron and other atoms and so this could not be done in
the present work. Furthermore, very recent wor~6-29
indicates that the atom-atom method is deficient in
treating electrostatic interactions and in many cases the
latter are comparable in magnitude to the former. With
these limitations it is possible only to draw qualitative
conclusions concerning the difference in the behavior of
the two isomers.
The most striking difference between the two isomers, in addition to the third phase in para-carborane,
is that the I-II transition temperature in para-carborane
occurs 30° higher than in the ortho isomer despite the
presence of the large dipole moment in the latter. If
we make the reasonable assumption that all of the individual atom-atom and electrostatic interactions referred to above are the same in both isomers then we
are forced to conclude that the molecular dipole moment
in the ortho isomer destabilizes the low temperature
phase allowing the transition to the high temperature
phase to occur at a lower temperature. Theoretical
calculations 3o have indicated that the carbon atoms have
a more negative charge than do the boron atoms. This
situation will result in a stronger intermolecular interaction between carbon and hydrogen atoms and could
lead to an alignment of the para isomer. In the case of
the ortho isomer, the most favorable arrangement does
not seem clear since if two molecules align themselves
for maximum electrostatic interaction there cannot be
a strong interaction between this pair of molecules and
the surrounding neighbors. It is probable that there is
not a favored arrangement for the ortho isomer resulting from the intermolecular electrostatic interaction
thus accounting for the lower transition temperature
between phases.
B. Molecular reorientation

In the discussion of molecular reorientation in the
various phases we make use of the proton and boron
second moment calculations and experimental values.2•16
The observed second moment values in both phases I
and II of ortho-carborane are very much less than the
calculated rigid lattice value. In phase I (below the
onset of translational diffusion at 470 K 16) the observed
second moment value is O. 71 G2 while in phase II (above
220 K) the observed second moment value is 1. 1 G2. 16
Below this temperature the second moment increases
rapidly and at 175 K has a value of about 18 G2 compared with the rigid lattice value of 34 G2• Previous
measurementsZ have shown that although there is only a
small change in the proton second moments at the transition temperature, there is a very sizeable llB linewidth change at the tranSition. Also, the decrease in
intensity due to the disappearance of the satellite transitions (3/2-1/2 transitions) indicate that the reorientation in phase II must be anisotropic. 2 The proton
linewidths do not change Significantly, 2.16 probably be-
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cause the reorientation in phase II is rapid enough to
prevent proton line broadening. No linewidth data is
available for the para isomer but the Similarity of the
T 1 data of the two isomers suggests that it would be
similar to the ortha isomer in the neighborhood of the
phase transition.
The crystal structure of ortho-carborane (and
meta-carborane) at 298 K in phase I is consistent with
a face-centered-cubic structure 16 and it is reasonable
to assume the same structure for the para isomer in
this phase. The activation energy of 12 kJ/mol is in
agreement with rapid isotropic reorientation as discussed earlier. 2.16
Below the I-II tranSitions, but on the high temperature side of the T 1 minimum, both isomers have activation energies, E of 40 kJ/mol. The activation energy
for para-carborane remains essentially temperature independent as the temperature is decreased through the
II-III phase transition at 238 K down to the lowest temperature measured. In contrast, the activation energy
for ortho-carborane changes gradually with temperature
until the low temperature value of 27 kJ/mol is reached
at about 230 K. (See Fig. 2 and Table II.) Such asymmetry in Ea has been observed in a variety of systems. 13.31-33 The fact that there is an asymmetry in E,.
for the ortho isomer but not the para isomer suggests
that the orientation in ortho-carborane is more anisotropic than inpara-carborane in phase II. The Tl
minima for Cs, C 3, and Cz reorientations occur at progressively lower temperatures. 2.34 In ortho-carborane
the reorientation about one Ca axis does not reorient
the electric dipole vector, reorientation about the three
adjacent C 3 axes introduce only a slight "wobble" in
this vector and so on. Thus the reorientation about
certain axes may become faster, relative to other axes,
as the temperature is decreased and if the reorientations have different barrier heights, the effective activation energy will change. This is consistent with the
observed change in E,. if C2 reorientation becomes more
important than, say, Cs reorientation as temperature is
lowered.
Q,

The value of T 1 at its minimum is about 20% greater
in ortho-carborane (8.5 ms) than in para-carborane
(7.2 ms). This also suggests that the reorientation in
the former is more anisotropic,2.35 if it is assumed
that the unknown crystal structure for both isomers is
the same. At present all that is known is that the
crystal structure of phase n is not face-centeredcubic. 36
Of the models discussed qualitatively in Sec. II, the
one that assigns well depths of different heights for the
potentials is worthy of mention even though we shall see
that it probably does not apply in this case. In the case
of a threefold barrier with two of the three minima a
height AE above the third, it has been shown13 that for
the case AE » kT, T 1 is increased by the factor
exp(AE/kT). We mention this example because some
rotation axes in the carboranes might have potential
well minima of different depths due solely to the small
differences in carbon and boron interactions with neighboring molecules as discussed previously. This model
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also predicts an asymmmetric Tl minimum but in the
opposIte direction than is observed in ortho-carboranej
i. e., this model predicts a higher Ed on the low temperature side of the Tl minimum. The model also suggests a departure from the usual (T1)mln 0: W. From the
previous experiments at 10 and 20 MHz2 and the 30 MHz
experiments reported here it can be seen that to within
experimental error, (T l)mln a: w.
Further evidence for the more anisotropic reorientation in ortho-carborane than in para-carborane in phase
IT is given by a comparison of the NMR work on 9bromo-meta-carborane 35 and on ortho-diarsadecaborane
(AS2Bl0Hl0).37 In the former the value of the proton Tl
at the minimum at 30 MHz is about 15 ms (approximately
twice that of ortho- and para-carborane) indicating more
anisotropic reorientation as one might expect when a
proton is replaced by a bromine. Similar arguments
can be made from the results of linewidth measurements
and AS2BlOHlO (in which As replaces C-H in carborane)
is found to be intermediate between 9-bromo-metacarborane and ortho-carborane.
Phase III of para-carborane has no counterpart in the
ortho isomer. The reorientation in this phase is in the
long correlation time limit (iW» 1) at the Larmor frequency of 30 MHz. Although little is known beyond this,
the fact that it has the same activation energy as phase
II below (T 1)mln suggests that there must be a relation
between the reorientations in the two phases.
C. Phase transitions

We propose that the I-II phase transition in both isomers involves, in addition to the structural change from
face-centered-cubic to an unknown structure, a partial
alignment of the molecules from the disordered lattice 16
in phase I. The aligning force is due to the intermolecular or atom-atom potential and is partially offset
by the dipole moment in the ortho isomer. At this paint
it is not known whether the phase II structures, which
are presently being investigated, are the same in both
isomers and therefore a more detailed discussion is
unwarrented. In the II-III transition in para-carborane
at 238 K there must be another interaction coming into
play. One possible candidate is the intermolecular
quadrupole interaction discussed previously. Thus the
II-III transition in para-carborane at about 238 K may
correspond to the onset of a long range ordering of
quadrupoles. Although this occurs in solid hydrogen it
is surprising that such an effect would manifest itseU
at the relatively high temperatures of interest in the
present case. Further discussion of phase III of paracarborane must await second moment measurements to
determine the degree of anisotropy of the motion.
In Fig. 2, the solid line for ortho-carborane at low
temperatures is based on the data in the range 185 K
< T < 225 K. There is a Significant departure from this
line at temperatures below 185 K. The behavior is
characteristic of either an additional relaxation mechanism coming into play 31 or another phase transition.
One possible mechanism is that of cooperative motion
involving pairs of molecules. Although probably always
present, 16 it is only at low temperatures where ordinary

molecular reorientation is less effective, that relaxation from such a process would manifest itseU. In this
temperature region, the observed second moment is
increasing rapidly with decreaSing temperature 16 which
tends to support such a hypothesis. We note, however,
that phase transitions involving discontinuities in Ea but
very small discontinuities in Tl have been observed. 38 • 39
Finally we note that a small anomaly in the calorimetry
of ortho-carborane was found 16 at 165 K which is slightly
lower than 173 K, the lowest temperature reported in
the present work.
It is evident from the present discussion and all of the
reported work on the carboranes that a detailed understanding of molecular reorientation in the carboranes
is not possible without structural information on the low
temperature phases. Even the rigid lattice second
moment caiculations2•16 were based on the face-centeredcubic structure due to the lack of further information.
A structural study of para-carborane is in progress and
hopefully results will be forthcoming.

Ultimately the need is for intermolecular interaction
calculations of the type that have appeared in the literature in recent years. 24- 27 ,40 With this information a
thorough spin-lattice relaxation analysis can be carried
out. For example a theory 41 and a recent extension of
that theory42 based on the Ising model approach 43 have
been presented for the tetrahedral NH4 ion and applied
to the BH4 ion. 18 Although the behavior of the carboranes
is experimentally Similar, the lack of structural information prevents application of a similar model. Finally,
a very general nuclear relaxation theory based on a
study of correlation functions and fluctuations near a
structural phase transition has been given. 44
VI. CONCLUSIONS

We have performed a study of the temperature dependence of the proton spin-lattice relaxation times in
ortho- and para-carborane. For the two isomers the
difference in behavior is striking. At high temperatures
the molecules of both isomers reorient rapidly and isotropically on specific lattice sites. Para-carborane
undergoes a phase transition at about 300 K and orthocarborane a transition at about 265 K to as yet undetermined structures. The para isomer shows a constant
activation energy for reorientation in the lower temperature phase while that of ortho-carborane decreases from
a value similar to the para isomer just below the transition to a much lower value at the lowest temperatures
measured. It is postulated that the molecular reorientation in the lower temperature phases in both isomers
is more anisotropic than in the high temperature phases
due to the relatively more effective interactions between
molecules and the difference in behavior between the
isomers is due to the large molecular dipole moment
in the ortho isomer. The para isomer undergoes a second transition at 238 K and it is postulated that the molecular quadrupole moment may playa role in this transition. The reorentation in the low temperature phase
of ortho-carborane is slightly more anisotropic than
para-carborane at the same temperature on the basis
of the Tl values. The low temperature anomaly of ortho-
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carborane in the vicinity of 185 K may result from the
onset of another phase transition or it may be due to
cooperative reorientations of pairs of molecules.
Comparing isomers of a substance can add significantly to the understanding of fundamental interactions
in molecular solids since the structural differences
correspond to switching certain interactions on or off.
Such studies can involve the measurement of dielectric
constants 45 and dielectric relaxation rates as well as
nuclear spin relaxation rates. 48 A considerable amount
of theoretical work is required to understand the intermolecular potentials in the carboranes and it is hoped
that this work will stimulate the appropriate investigations. Crystal structure data of the low temperature
phases is needed and Tl measurements in ortho-carborane should be extended to lower temperature in order
to investigate the anomaly in the relaxation data. T 1
measurements in meta-carborane will be performed
soon. These are important since meta-carborane is
intermediate between para- and ortho-carborane in
terms of molecular moments. As indicated in the introduction, neutron scattering experiments cannot be carried out on these compounds.
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